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Scientific  Progress  and  Accomplishments 

Voltage-tunable  four-color  QWIPs 

Voltage-tunable  multi-color  QWIPs  are  highly  desirable  in  many  important  applications.  The 
existing  designs  suffer  from  limited  range  of  tunability  and  substantial  spectral  cross-talk  [1-6]. 
We  therefore  solved  these  problems  and  developed  the  world’s  first  semiconductor  four-color 
QWIP  which  demonstrated  four  distinct  narrowband  peaks  without  spectral  cross-talk  in  a  single 
device. 

The  layer  structure  and  the  schematic  energy-band  diagram  of  the  detector  are  shown  in  Fig.  1. 
The  detector  consists  of  two  stacks  of  superlattice  (SL)  materials  that  are  separated  by  a  middle 
contact  layer.  Each  material  is  designed  to  detect  two  specific  wavelengths,  one  middle 
wavelength  (MW)  and  one  long  wavelength  (LW),  tunable  by  the  bias  polarity.  Four-color 
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detection  is  achieved  by  applying  different  combinations  of  top  and  bottom  biases  relative  to  the 
common  middle  contact. 

A  45°  edge-coupled  detector  with  area  of  1200  x  700  pm'  was  fabricated.  The  spectral 
responsivity  R  of  the  detector  at  7=  10  K  at  different  biases  t),  is  shown  in  Fig.  2.  As  expected, 
four  narrowband  peaks  centered  at  4.5  pm,  5.3  pm,  8.3  pm,  and  10.4  pm  with  corresponding 
spectral  width  AX  of  0.58  pm,  0.71  pm,  0.83  pm,  and  1.01  pm  are  observed. 

Spectral  cross-talk,  which  refers  to  the  presence  of  the  middle  wavelength  (MW)  peak  at  both 
positive  and  negative  biases,  is  a  significant  challenge  to  the  design  of  voltage-tunable  multi¬ 
color  detectors.  Our  detector  has  solved  this  problem  successfully,  as  illustrated  in  Fig.  2.  The 
origin  of  the  cross-talk  is  the  built-in  field  of  the  blocking  barrier  connecting  the  two  SLs.  To 
prevent  the  cross-talk,  we  need  to  eliminate  the  MW  response  from  the  LW  detection  under 
negative  bias.  Towards  this  end,  two  methods  are  applied.  First,  instead  of  the  simply  graded 
barrier,  a  step-graded-step  barrier  is  applied  as  the  blocking  barrier.  The  step  next  to  the  MW  SL 
can  raise  the  effective  height  of  the  blocking  barrier  under  negative  bias,  hence  preventing  the 
transfer  of  MW  electrons  into  the  barrier.  Consequently,  spectral  cross-talk  is  eliminated  since 
only  LW  photocurrent  is  presented  at  negative  bias.  Second,  a  narrow  miniband  of  MW  SL  is 
applied,  which  can  help  to  prevent  the  formation  of  the  high  energy  electrons  and  therefore 
eliminate  the  MW  response  at  the  negative  bias. 

We  compare  the  measured  spectral  responses  with  the  calculated  ones  in  Fig.  3  and  clearly 
observe  the  good  agreement  between  them.  The  calculated  responsivity  was  done  using  the 
material  parameters  given  by  Shi  et  al  [7].  With  the  conventional  conduction  band  offset  of  AE  = 
0 .6AEg,  where  AEg  is  the  bandgap  difference  between  AlGaAs  and  GaAs,  the  calculated  spectra 
of  the  two  MW  bands,  namely  the  4.5  and  5.3  pm  bands,  match  the  experimental  data  well. 
However,  we  found  that  AE  needs  to  be  increased  to  0.H2 AE„  to  match  the  8.3  and  10.4  pm 
detection  peaks.  In  addition  to  AE,  another  parameter  in  the  fitting  is  the  standard  deviation  of 
each  individual  transition  caused  by  inhomogeneous  broadening,  which  is  found  to  be  10,  10, 
6.5,  and  5  meV  for  the  4.5,  5.3,  8.3  and  10.4  pm  peaks,  respectively. 

Fig.  4  plots  the  dark  current  density  Jd  at  different  temperatures  along  with  the  window  current 
density  Jw  at  10  K.  Jw  is  generated  by  300  K  background  radiation  and  measured  by  FI  1.2  optics. 
The  device  is  under  background-limited  infrared  perfonnance  (BLIP)  below  100  K  at  Vb  —  1.5  V 
for  4.5  pm  detection,  80  K  at  Vb  =  1.5  V  for  5.3  pm  detection,  60  K  at  Vb  =  -1.2  V  for  8.3  pm 
detection,  and  50  K  at  Vb  =  -1.1  V  for  10.4  pm  detection.  These  BLIP  temperatures  are 
comparable  to  those  of  single-color  detectors  optimized  in  the  respective  bands. 

In  conclusion,  we  have  successfully  demonstrated  a  voltage-tunable  four-color  infrared 
photodetector  that  detects  a  different  single  color  at  each  bias  combination  without  spectral 
cross-talk.  The  detection  spectrum  does  not  change  with  temperature,  and  the  background  limited 
temperatures  are  satisfactory.  The  detection  peaks  can  be  randomly  selected  between  3  pm  and 
20  pm,  and  each  peak  can  vary  from  narrow  band  to  broadband.  The  present  detector  design  thus 
improves  the  QWIP  technology  in  multi-color  detection. 
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On  the  other  hand,  for  this  developed  four-color  detector,  we  note  that  the  LW  responses  are 
approximately  one  order  of  magnitude  below  those  of  the  normal  designs.  The  small  LW  R  is 
due  to  the  low  mobility  of  the  LW  photoelectrons.  When  the  potential  drop  per  SL  period  is 
larger  than  the  M2  width  of  each  SL,  the  miniband  states  become  localized,  and  the 
photo  electrons  are  transported  across  the  SLs  through  sequential  tunneling,  resulting  in  a  much 
lower  mobility.  This  affects  all  four  bands;  however  it  reduces  the  LW  R  more  significantly, 
because  the  M2  miniband  of  LW  is  deeper  below  the  SL  barrier  and  consequently  the  tunneling  is 
much  weaker.  The  smaller  R  necessitates  a  longer  integration  time  in  infrared  detection. 
Nevertheless,  the  sensitivity  of  the  detector,  which  depends  on  the  photocurrent  to  dark  current 
ratio,  is  unaffected  since  the  thermal  dark  current  is  reduced  proportionally  due  to  the  small 
tunneling  rate. 

New  structures  are  designed  to  improve  the  LW  responsivity.  In  the  new  designs,  the  LW  SL, 
which  is  with  high  barrier,  is  replaced  by  the  low  barrier,  weakly-coupled  multiple  quantum  well 
(MQW)  structure.  However,  because  of  the  lower  barrier  of  the  MQW,  MW  photocurrent  may 
exist  during  the  LW  operation.  To  solve  this  problem,  it  is  necessary  to  increase  the  electron 
density  in  the  spacer  layer  (nh  hot-electron  reservoir)  and  the  length  of  the  spacer  layer. 
Numerical  simulations  are  carried  out  to  study  the  electron  relaxation  process  in  the  spacer  layer 
to  provide  suitable  design  parameters  to  the  spacer  layer.  The  final  layer  structure  of  the  detector 
is  shown  in  Fig.  5.  Furthermore,  to  better  understand  the  electron  relaxation  process  in  the  spacer 
layer,  we  made  two  designs,  which  are  identical  except  the  different  electron  doping  densities  in 
the  spacer  layer.  With  these  two  designs,  we  potentially  can  derive  the  energy  relaxation  rate  of 
the  electron.  The  solution  of  this  problem  will  give  guidelines  for  the  future  detector  design  with 
regard  to  the  elimination  of  the  spectral  crosstalk. 

Unfortunately  the  experimental  results  on  these  two  new  designs  are  not  as  expected.  We  believe 
some  of  the  problems  result  from  the  growth  of  the  material.  The  experimentally  observed 
spectrum  is  shifted  from  the  calculated  one,  which  clearly  is  due  to  the  mismatch  between  the 
theoretical  and  the  practical  fitting  parameters.  Such  mismatch  could  be  caused  by  the  inaccuracy 
of  the  calibration  of  the  MBE  machine.  Our  future  work  will  include:  re-growth  and  re¬ 
characterizing  of  the  new  detector  structures. 

High  gain,  broadband  InGaAS/InGaAsP  QWIPs 

High  speed  infrared  detection  is  highly  important  and  desirable  for  tracking  fast  moving  objects. 
For  high  speed  application,  the  integration  time  of  the  system  readout  circuit  is  too  short  to 
collect  enough  signals.  In  this  case,  the  constant  readout  noise  dominates.  Consequently  in  order 
to  improve  the  signal  to  noise  ratio  of  the  detection,  a  larger  photocurrent  is  desirable.  To 
increase  the  photocurrent  of  QWIPs,  one  needs  to  obtain  a  large  quantum  efficiency  77,  a  high 
photoconductive  gain  g,  and  a  large  absorption  spectral  width  F  While  r/  is  related  to  the  light 
coupling  scheme  and  has  no  much  space  to  be  improved,  g  is  determined  by  material  properties, 
and  /"depends  on  the  design  structure.  We  therefore  manipulated  with  g  and  Wand  devised  a 
material  structure  that  achieves  high  g  and  large  F  simultaneously.  The  developed  QWIP  is 
suitable  for  high-speed  applications. 

Compared  to  conventional  GaAs/AlGaAs  QWIPs,  lattice-matched  InGaAs/InP  QWIPs  exhibit 
high  photoconductive  gain  [8-14]  but  nonadjustable  detection  wavelength  because  of  their  fixed 
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barrier  height.  The  use  of  InxGai.xAsyPi.y  (InGaAsP)  as  the  barrier  material  is  superior  to  that  of 
InP  with  regard  to  flexibility  of  the  operating  wavelength.  Therefore,  in  this  work,  we  presented 
the  design  and  fabrication  of  a  QWIP  with  InGaAsP  barriers  to  assess  its  capability  in  providing 
a  large  gain.  For  the  broadband  detection,  there  are  many  QW  structures  [15-20].  Among  them, 
the  strongly-coupled  SL  design  can  provide  the  most  desirable  detector  characteristics.  We 
therefore  employed  an  InGaAs/InP  SL  as  the  well  region  in  our  QWIP. 

By  applying  the  SL  structure  for  broadband  response  and  InGaAsP  barriers  for  high  gain,  our 
goal  is  to  obtain  a  large  photocurrent.  To  ascertain  the  advantages  of  the  InGaAs/InGaAsP  QWIP 
over  GaAs/AlGaAs  QWIP,  we  also  fabricated  a  GaAs/AlGaAs  QWIP  with  very  similar  spectral 
coverage  for  a  quantitative  comparison. 

The  layer  structure  of  the  InGaAs/InGaAsP  detector  is  shown  in  Fig.  6  (a).  The  detector  consists 
of  19  SLs,  which  are  separated  by  Ino.8Gao.2Aso.43Po.57  barriers.  The  active  material  is  sandwiched 
between  top  and  bottom  contact  layers.  Similarly,  the  GaAs/AlGaAs  detector  contains  8  periods 
of  SLs  separated  by  Alo.17Gao.83 As  barriers,  as  shown  in  Fig.  6  (b). 

45°  edge-coupled  detectors  with  area  of  200  x  200  pm  were  fabricated.  Figure  7  (a)  and  (b)  plot 
the  spectral  responsivity  R  of  the  InGaAs/InGaAsP  detector  and  the  GaAs/AlGaAs  detector  for 
different  electric  fields  Fb  {Ft  is  defined  by  the  applied  bias  divided  by  SL  period  N  and  is 
expressed  in  unit  of  volts/period).  Both  detectors  show  broadband  spectral  response.  Under  Fh  = 
-44.7  mV/period,  the  Rpeak  for  the  InGaAs/InGaAsP  detector  is  about  2.8  times  larger  than  that 
of  the  GaAs/AlGaAs  detector.  Therefore,  the  InGaAsP  material  is  able  to  provide  a  larger 
responsivity.  We  also  compare  the  measured  spectral  responses  with  the  calculated  ones  for  the 
two  detectors  in  Fig.  7  (a)  and  (b)  and  observe  the  good  agreement  between  them. 

The  gain  g  of  a  QWIP  is  the  most  important  parameter  for  a  high  speed  detector.  The  dark 
current  noise  measurements  were  carried  out  to  obtain  the  gain  of  the  two  detectors.  The 
measured  noise  gain  represents  the  average  gain  of  the  photoelectrons  in  excited  states.  The 
values  of  g  for  both  detectors  are  shown  in  Fig.  8  (a).  We  observe  that  the  InGaAs/InGaAsP 
detector,  despite  having  a  larger  N,  generally  exhibits  a  higher  gain.  It  is  known  that  g  is 
inversely  proportional  to  N  for  a  QWIP  [21,  22].  To  account  for  the  different  N,  we  scale  the 
measured  g  to  gi,  which  represents  the  gain  when  N  =  1,  for  both  detectors  using  the  formula  gj 
=  gN,  and  plot  gi  in  Fig.  8  (b).  The  value  of  gj  reflects  the  intrinsic  properties  of  the  materials.  It 
shows  that  the  InGaAs/InGaAsP  detector  possesses  a  significantly  larger  g;  than  the 
GaAs/AlGaAs  detector.  At  Ft  =  -40  mV/period,  gj  is  4.6  times  larger,  illustrating  the  advantage 
of  the  detector  in  providing  a  large  gain.  Since  the  difference  in  gj  is  more  than  the  difference  in 
R,  we  conclude  that  the  larger  R  of  the  InGaAs/InGaAsP  detector  is  due  to  its  larger  gain. 

Figure  9  compares  the  dark  current  density  Jd  and  the  window  current  density  Jw  for  the  two 
detectors.  The  InGaAs/InGaAsP  detector  is  under  BLIP  below  30  K  for  -55  <  Fb  <  65 
mV/period,  corresponding  to  -1  <  F*  <  1.2  V.  Compared  with  that  of  the  GaAs/AlGaAs  detector, 
Jw  of  the  InGaAs/InGaAsP  detector  at  the  positive  bias  is  approximately  three  times  larger, 
which  is  consistent  with  the  ac  responsivity  measurement.  Since  the  broadband  GaAs/AlGaAs 
QWIP  has  3  times  higher  photocurrent  than  a  narrow  band  one,  we  conclude  that  the 
InGaAs/InGaAsP  detector  can  provide  up  to  an  order  of  magnitude  larger  broadband 
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photocurrent  than  a  regular  QWIP,  and  thus  is  able  to  improve  the  detection  speed.  Therefore, 
the  advantage  of  our  approach  for  high  speed  infrared  detection  is  convincingly  verified. 

In  conclusion,  we  successfully  developed  a  high  gain,  broadband  InGaAs/InGaAsP  QWIP  which 
is  suitable  for  high  speed  infrared  detection.  We  also  confirmed  the  capability  of  InGaAsP  in 
providing  a  large  gain. 
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Figures 
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2000  A  n-GaAs 
Middle  contact  (0.6  pm  n  -GaAs] 

SL2  (X=8.3pm) 

Blocking  barrier 
SLI  (X=4.5pm) 

2000  A  n  -GaAs 
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(a)  (b) 

Fig.  1.  (a)  Material  layer  structure  and  (b) 
energy-band  diagram  of  the  four-color 
QWIP. 


Fig.  3.  Measured  (solid  curves)  and  the 
calculated  (dashed  curves)  photoresponse 
spectra  of  the  four-color  QWIP. 


Wavelength  (pm) 

Fig.  2.  Spectral  responsivity  R  of  (a)  the 
SL1/SL2  stack  and  (b)  the  SL3/SL4  stack  of 
45°  edge-coupled  four-color  QWIP  at  10  K 
for  different  Vb. 


Bias  voltage  (V) 


Fig.  4  Dark  current  density  Jc/  (solid  lines) 
and  background  photocurrent  density  Jw 
(dashed  line)  of  (a)  the  SL1/SL2  stack  and 
(b)  the  SL3/SL4  stack  for  the  four-color 
QWIP. 
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5000  A  n+-GaAs 

Design  1  and  Design  2 
are  with  different  doping  density 

Bottom  contact  ( 1 .0  pm  n*-GaAs) 

Fig.  5  Material  layer  structure  of  the  two 
new  designs  of  the  multicolor  detector. 
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Fig.  7  Measured  (solid  lines)  and  calculated 
(dashed  line)  spectral  responsivity  R  of  (a) 
the  InGaAs/InGaAsP  detector  and  (b)  the 
GaAs/AlGaAs  detector  at  10  K  for  different 
applied  electric  field  Fb. 


Fig.  6  Material  layer  structure  of  (a)  the 
InGaAs/InGaAsP  detector  and  (b)  the 
GaAs/AlGaAs  detector. 
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Fb  (mV/period) 


Fig.  8  Comparison  of  (a)  noise  gain  g  and 
(b)  effective  noise  gain  gj  between  the 
InGaAs/InGaAsP  detector  and  the 
GaAs/AlGaAs  detector. 


Fig.  9  Dark  current  density  Jd  (solid  lines) 
and  background  photocurrent  density  Jw 
(dashed  line)  of  (a)  the  InGaAs/InGaAsP 
detector  and  (b)  the  GaAs/AlGaAs  detector. 
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